Human huntingtin (Htt) contains 3144 amino acids and has an expanded polyglutamine region near the NH 2 -terminus in patients with Huntington's disease. While numerous binding partners have been identified to NH 2 -terminal Htt, fewer proteins are known to interact with C-terminal domains of Htt. Here we report that kalirin, a Rac1 activator, is a binding partner to C-terminal Htt. Kalirin and Htt co-precipitated from mouse brain endosomes and co-localized at puncta in NRK and immortalized striatal cells and primary cortical neurons. We mapped the interaction domains to kalirin674-1272 and Htt2568-3144 and determined that the interaction between kalirin and Htt was independent of HAP1, a known interactor for Htt and kalirin. Kalirin precipitated with mutant Htt was more abundant than with wild-type Htt and had a reduced capacity to activate Rac1 when mutant Htt was present. Expression of Htt2568-3144 caused cytotoxicity, partially rescued by co-expressing kalirin674-1272 but not other regions of kalirin. Our study suggests that the interaction of kalirin with the C-terminal region of Htt influences the function of kalirin and modulates the cytotoxicity induced by C-terminal Htt.
immunoprecipitation studies using mouse brain Rab11-enriched membranes (we referred to these membrane fractions as endosomes) as sources of endogenous Htt and endogenous kalirin. The neuronal isoform of kalirin (kalirin-7) was precipitated with antibodies against amino acids 2703-2911 in Htt (Fig. 1a ). Under the same conditions, kalirin-7 was not precipitated with the control antibody against the FLAG tag. Full-length Htt was also co-precipitated with antibodies against amino acids 1641-1654 of kalirin-7, but not with a control antibody against GST (Fig. 1b) . The reciprocal co-precipitation of kalirin with Htt or Htt with kalirin under native conditions supports an interaction between Htt and kalirin in brain cells.
The kalirin gene encodes a 350 kD protein that contains two RhoGEF domains. Alternative splicing generates different isoforms with one GEF domain (kalirin-7 and kalirin-8) or two GEF domains (kalirin-9 and kalirin-12) 14 . Kalirin-8, which is expressed in non-neuronal cells, and kalirin-7, which is specific for neurons, have the same GEF domain 11, 15 . Kalirin-7 has a C-terminal tail (AA1634-1654) that is absent in kalirin-8, whereas kalirin-8 has 263 more residues at the C-terminus than kalirin-7 11 . Kalirin, which is also known as duo, interacts with huntingtin-associated protein 1 (HAP1) and HAP1 associates with the NH 2 region of Htt 16, 17 .
In agreement with the association of kalirin with Rab11 (data not shown), kalirin was detected in brain endosomes (fraction-6 in Figure S1 ). In addition, Htt functions at Rab11-positive endosomes 12, 18, 19 . Therefore, we conducted immunoprecipitation studies with brain endosomes to examine if HAP1 mediated the interaction Figure 1 . Kalirin interacts with Htt in brain membranes. (a) and (b) Kalirin and Htt are mutually coprecipitated. Mouse brain membranes as described in Method were solubilized in lysis buffer containing 1% Triton X-100 and centrifuged to discard unsolubilized membranes. The supernatant was incubated with antibodies against Htt-C (aa2703-2911 of Htt) 36 , (a) or aa1641-1654 of kalirin-7 (b). After washes, immunoprecipitates were eluted into sample buffer and analyzed by SDS-PAGE and Western blot with indicated antibodies. Shown are blot analyses from one of four experiments for both (a) and (b). (c) and (d) Interaction between Htt and kalirin is independent of HAP1. Triton X-100 solubilized mouse brain endosomes (lanes 1, 2, and 3) or mouse embryonic stem cell total membranes (lane-5) were used for immunoprecipitation with antibodies against aa181-810 of Htt (Htt-N, lanes 2 and 5) or aa2703-2911 of Htt (Htt-C, lane-3) or the FLAG tag (lane-4). For IgG control precipitation, solubilized endosomes and ES cell membranes were mixed and incubated together with anti-FLAG antibodies (lane-4). Precipitates were washed, eluted into SDS-PAGE sample buffer and analyzed by Western blot with antibodies against pan-kalirin, HAP1, or aa1-17 of Htt. The arrowhead labeled with IgG heavy chain indicates the 55 kD band present in the complex precipitated by anti-FLAG antibodies. We noticed that the majority of Htt proteins were cleaved during experimental procedures (Input, lane-1). This was not a surprise because it is well known that NH 2 Htt is prone to cleavage by proteases. This may be the reason why the antibody against Htt1-17 detected much weaker signals of full-length Htt in precipitates obtained with anti-Htt-C antibodies. (d) Triton X-100 solubilized cortical total membranes from HAP1 knockout (KO) and corresponding WT mouse embryos were incubated with antibodies specific for aa2703-2911 of Htt or kalirin7 or FLAG/GST (IgG controls). Precipitates were washed and analyzed by SDS-PAGE and Western blot with antibodies for detecting Htt and kalirin. Blots were first probed with anti-pankalirin to detect precipitated kalirin and then re-probed with anti-Htt1-17 to detect precipitated Htt.
SCieNtifiC REpORTS | (2018) 8:8000 | DOI:10.1038/s41598-018-26255-1 of Htt with kalirin. Antibodies against two different epitopes in Htt were used: one within aa181-810 of Htt (anti-Htt-N), the other within aa2701-2911 of Htt (anti-Htt-C). Western blot analysis with antibodies against aa1-17 of Htt showed that both anti-Htt-N and anti-Htt-C antibodies precipitated full-length Htt (lower panel, Fig. 1c ). We noticed that Htt was cleaved into numerous fragments containing the NH 2 -terminus during the preparation of brain endosomal membranes. This was not a surprise because Htt is known to be sensitive to proteases 20 . Under these conditions, endogenous kalirin-7 was precipitated from brain endosomes by both Htt-specific antibodies, but not by a control antibody against the FLAG tag ( Fig. 1c upper panel, lanes 2 and 3). However, neither of the antibodies directed to N-or C-terminal regions in Htt could precipitate HAP1 from mouse brain endosomal membranes ( Fig. 1c middle panel, lanes 2 and 3) . On the other hand, HAP1 and kalirin-8 were co-precipitated with Htt from Triton X-100 solubilized membranes prepared from mouse embryonic stem cells ( Fig. 1c lane-5 ). These data suggest that the interaction of Htt with kalirin is independent of HAP1.
To provide additional evidence, we performed co-immunoprecipitation using total membranes prepared from cerebral cortices of HAP1 knockout (KO) and corresponding WT mouse embryos, which were generously provided by Xiao-Jiang Li and colleagues 21 . HAP1 immunoprecipitates were undetectable in cortices of WT or KO mouse embryos when compared to the expression levels in adult mouse brain tissues ( Figure S2a ). We found that anti-Htt antibodies could not efficiently enrich Htt containing the first 17aa ( Fig. 1d ), possibly because proteolytic cleavage in the NH 2 region of Htt might occur during membrane preparation and/or eluting immunoprecipitates for analysis. Our data in Fig. 1d showed that kalirin was co-precipitated with Htt from HAP1 deficient mouse cortical membranes. Collectively, our data support that the interaction of Htt with kalirin on endosomal membranes does not require HAP1.
Kalirin interacts with a C-terminal domain of huntingtin. We next determined the corresponding regions in Htt and in kalirin mediating their interaction using tagged proteins expressed in MCF-7 cells, which express the non-neuronal isoform kalirin-8. His-myc-tagged kalirin-7 was co-expressed with different regions of Htt fused to a FLAG tag ( Fig. 2a ). We generated the fragments of Htt based on the availability of restriction endonuclease sites to facilitate the cloning and the clusters of HEAT repeats 22 . Antibodies for FLAG precipitated all of the 3 Htt fragments from cell lysates ( Figure S2b ). However, exogenous His-myc tagged kalirin-7 was co-precipitated only with the C-terminal domain of Htt (Htt2568-3144), but not with an NH 2 -terminal domain (Htt1-400) with expanded polyQ (100Q) or an internal domain (Htt398-1512) (Fig. 2b ). This finding of kalirin interacting with C-terminal Htt adds further evidence supporting that the interaction between Htt and kalirin is not mediated by HAP1, which is associated with NH 2 -terminal Htt 17 . Endogenous kalirin-8 was also co-precipitated with Htt2568-3144 ( Fig. 2b ), suggesting that both neuronal kalirin-7 and non-neuronal kalirin-8 interact with a C-terminal region within aa2568-3144 of Htt.
To look for the region in kalirin to which Htt binds, FLAG tagged Htt2568-3144 was co-expressed with different fragments of kalirin-7 (Fig. 2c ). The NH 2 -terminal domain of kalirin containing the sec4 domain and the first 4 spectrin repeats was similar to the endogenously expressed kalirin-4, whereas the COOH-terminal domain harbored the single GEF domain of kalirin-7 and the internal fragment contained the spectrin repeats 5 to 9. Co-immunoprecipitation studies revealed that Htt2568-3144 interacted with an internal region of kalirin (Klrn674-1272) ( Fig. 2d , third lane). The association of Htt with Klrn674-1272, which is present in both neuronal kalirin-7 and non-neuronal kalirin-8, further supports that kalirin and Htt interact with each other in both neurons and non-neuronal cells. Despite being to a much lesser degree, Htt2568-3144 was also co-precipitated with Klrn1269-1654 ( Fig. 2d , fourth lane), which is the known GEF domain of kalirin-7/8. It is not clear whether the interaction between Klrn1269-1654 and Htt2568-3144 is direct or mediated by a substrate GTPase of kalirin-7/8.
To determine if Htt and kalirin co-localize in cells we performed double immunofluorescent labeling. In NRK cells, endogenous kalirin-8 and endogenous Htt co-localized at punctate structures ( Fig. 3 ). In primary mouse cortical neurons, immunoreactivity for both kalirin and Htt occurred in the same subcellular foci, particularly within spine laden neurites, where kalirin is known to be located 11, 15 (Fig. 3 ). Analysis of co-localization using JACoP, NIH imageJ 23 revealed that endogenous kalirin and endogenous Htt highly co-localized at punctate structures in neurons and NRK cells (Pearson's correlation co-efficient: 0.724 ± 0.07, n = 21 neuronal processes; 0.736 ± 0.07, n = 15 NRK cells). Structures co-labeled with Htt and kalirin were also observed in immortalized STHdh7Q/7Q cells ( Fig. 3 ). Together, these data suggest that kalirin and Htt co-distribute in non-neuronal and neuronal cells.
Interaction with mutant huntingtin alters the activity of kalirin on Rac1. Most Htt binding
partners identified so far exhibit a stronger binding to mutant Htt than to wild-type Htt 6, 7, 24, 25 . We therefore investigated if an abnormal interaction also existed between kalirin and mutant Htt. To exclude the effect of Htt abundance in WT and HD140Q/140Q mouse brain endosomes on the amount of kalirin co-precipitated with Htt, we conducted immunopreciptation with an excess of endosomal fractions to saturate the binding capacity of antibodies used for precipitating Htt. Antibodies against Htt2703-2911 robustly precipitated kalirin from both WT and HD140Q/140Q mouse brain membranes ( Fig. 4a ). We observed an increase in signals of kalirin co-precipitated with Htt from HD140Q/140Q mouse brain membranes relative to signals of kalirin precipitated from WT mouse brain membranes ( Fig. 4a ), suggesting an aberrant binding of Htt to kalirin in HD conditions.
To test if abnormal interaction with mutant Htt alters kalirin to accelerate GDP-to-GTP exchange on its substrate Rac1, we immuno-isolated kalirin from WT mouse brain endosomal membranes and Htt from WT (7Q) and HD140Q/140Q mouse brain cytosol for use in a GDP release assay. Our data in Fig. 4b shows that the catalytic activity of kalirin toward Rac1 was significantly enhanced in the presence of Htt precipitates from WT mouse brain cytosol (7Q) and reduced in the presence of Htt precipitated from HD140Q/140Q mouse brain cytosol (140Q), suggesting that the function of kalirin for activating Rac1 could be compromised in HD brain. Neither WT (STHdh7Q) nor mutant (STHdh111Q) Htt precipitated from cytosol had GEF activity toward Rac1
SCieNtifiC REpORTS | (2018) 8:8000 | DOI:10.1038/s41598-018-26255-1 or affected the kalirin-7/8 GEF domain (Klrn1269-1654) in promoting nucleotide exchange on Rac1 (Fig. 4c ). These data suggest that the disturbance of kalirin activity on Rac1 by mutant Htt requires the presence of the Htt-interacting domain (Klrn674-1272).
Kalirin modulates the cytotoxicity of huntingtin C-terminal domain.
We noticed that the majority of STHdh7Q/7Q cells were released into cell culture media upon transfection with the construct expressing a C-terminal domain of Htt (Htt2568-3144), which is a sign of death. To provide quantitative data, we conducted the 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) conversion assay to compare the effects of the expression of different Htt fragments. Since levels of MTT conversion into formazan were proportional to the number of viable cells, a decrease in the MTT conversion was used as a criterion of cellular toxicity. We noticed a 47% reduction in the conversion of MTT into formazan upon the expression of Htt2568-3144 compared to cells transfected with an equal amount of empty vector, indicative of increased toxicity (Fig. 5 ). Levels of MTT conversion in cells expressing Htt2568-3144 were significantly lower signifying less viability than those in cells expressing an NH 2 -terminal fragment (Htt1-587) of comparable size even with an elongated polyQ (100Q) tract (Fig. 5a ). These data showed that the C-terminal domain of Htt is toxic to cells. Relative to empty vector, both 18QHtt1-587 and 100QHtt1-587 were toxic to cells. However, the cytotoxicity of 100QHtt1-587 was only slightly greater but did not reach statistical significance relative to the cytotoxicity of 18QHtt1-587 ( Fig. 5a) . Similarly, full-length mutant Htt (46Q) did not evoke significant cytotoxicity when compared to full-length WT Htt ( Figure S3 ). This could be because the duration of the expression of mutant Htt including 100QHtt1-587 was not long enough to evoke pronounced cytotoxicity.
Since Htt2568-3144 interacted with kalirin, we examined if co-expression of the kalirin domain that interacted with Htt2568-3144 could affect the toxicity rendered by the expression of Htt2568-3144. Indeed, the MTT conversion was significantly increased in cells co-expressing Klrn674-1272 and Htt2568-3144, indicative of improved survival (Fig. 5b) . However, the co-expression of the kalirin fragments that did not interact or weakly interacted with Htt2568-3144 could not ameliorate the cytotoxicity caused by overexpressing Htt2568-3144 ( Fig. 5b) . Expression of Klrn674-1272 alone did not significantly affect MTT conversion when compared with the expression of full-length kalirin-7 ( Figure S3 ). Since kalirin is a GEF for Rac1, we then examined if the cytotoxicity of Htt2568-3144 might result from impaired activation of Rac1 in cells. If so, co-expression of a dominant active Rac1 mutant would attenuate the cytotoxicity rendered by Htt2568-3144. Expression of dominant active Rac1G12V mutant had no effect on MTT conversion when compared to cells transfected with empty vector ( Figure S3 ). We observed that the co-expression of Rac1G12V led to a slight increase (14%) in the MTT conversion in cells expressing Htt2568-3144 (Fig. 5b) . The observation that dominant active Rac1 was unable to mitigate the cytotoxicity of Htt2568-3144 suggests the involvement of other kalirin substrate(s) or interacting partner(s). Future studies are needed to find such substrate(s) or interacting partner(s). 
Discussion
In contrast to the numerous binding partners identified to interact with the NH 2 -terminal domain in Htt, which has an expanded polyglutamine tract in HD, few interactors have been described to the C-terminal domain in Htt 6, 7 . Here we identify an interaction between kalirin, a Rho GEF, and a C-terminal region of Htt. An interaction between Htt and kalirin (named as HAPIP by the authors) was previously suggested based on a large screen of Htt interaction partners using high throughput yeast two-hybrid and affinity pull down assays 26 . Kalirin, also known as duo, is an interaction partner of HAP1 16 . We mapped the interaction domain in Htt and the domain in kalirin. The region in kalirin that we found to interact with a C-terminal fragment of Htt is also known to interact with HAP1 16 . HAP1 interacts with an NH 2 -terminal domain (aa1-230 with 44Q) in Htt and an internal segment (kalirin7aa656-1242) in kalirin 16, 17 . Three lines of evidence suggest that HAP1 was not required for the interaction of Htt2568-3144 with kalirin on endosomal membranes. First, HAP1 and kalirin are associated with different Htt domains; HAP1 interacts with N-terminal Htt, whereas kalirin is associated with C-terminal Htt. Second, both Htt-specific antibodies used in our experiments precipitated kalirin but not HAP1 from brain endosomes. Lastly, kalirin was co-precipitated with Htt from cortical total membranes of mouse embryos that were deficient in HAP1. The functional relevance of these associations is still not clear; one possibility is that HAP1 and Htt normally compete for binding to kalirin to engage different functions.
The functional significance of the association of kalirin, a Rho GEF, with inactive Rab11 remains to be defined. Coordinated operation of Rab mediated membrane traffic with Rho governed cytoskeleton remodeling occurs in many cellular events. For example, the budding of transport carriers involves the integration of Rab engaged assembly of vesicle machinery and Rho involved polymerization of actin networks at budding sites of donor compartments 27 . In the nervous system, LTP induction involves activity-dependent growth of dendritic spines, which needs extra membranes containing AMPA receptors (functional plasticity) and actin cytoskeleton reorganization (structural plasticity). The mechanisms that underlie the coordination between Rab and Rho GTPases are poorly understood. The association of kalirin (a RhoGEF) with Rab11 may provide a bridge for the coordination between Rab11 and Rho.
The interaction between Htt and kalirin may be highly dynamic. The increased binding of mutant Htt to kalirin possibly impairs the disassembly of the Htt-kalirin complex, thereby leading to more kalirin co-precipitated with mutant Htt. PolyQ expansion in Htt may also alter the conformation of the Htt-kalirin complex and thereby interfere with kalirin dependent activation of Rac1. Rac1 has a critical function in remodeling the actin cytoskeleton during several important cellular events including growth of dendritic spines for LTP induction 15, 28, 29 . Signs of impaired actin polymerization are seen in STHdhQ111 striatal cells as well as in hippocampal slices from HD mice 30, 31 . Thus, the abnormal function of kalirin in regulating Rac1 in the presence of mutant Htt may contribute to some of the impaired actin remodeling seen in the context of HD.
Consistent with a recent report by El-Daher and colleagues 8 , we observed cytotoxicity when a C-terminal fragment of Htt (aa2568-3144) was expressed. To our surprise, the toxicity rendered by Htt2568-3144 was significantly greater than the cytotoxicity of polyQ-containing NH 2 -terminal fragment with an expanded polyQ tract (100QHtt1-587). The cytotoxicity evoked by the C-terminal fragment of Htt was attenuated upon co-expression of a domain to which Htt bound in kalirin. The functional significance of these findings remains speculative. It is noteworthy that Mende-Mueller et al. showed the overproduction of C-terminal fragments of Htt in HD brains compared to control brains 32 . The authors noticed that levels of two low molecular weight (42 kD and 48 kD) C-terminal fragments were elevated in HD brains by 20-and 5-fold, respectively 32 .
In summary, we show that endogenous Htt and kalirin interact and co-localize at neuronal membranes. The domain in Htt important for the interaction with kalirin is located at the C-terminus of Htt. The GEF activity of kalirin on Rac1 is impaired by its interaction with mutant Htt. Overexpressing Htt2568-3144 caused cellular toxicity, which could be reduced by co-expressing the region in kalirin that interacts with Htt. Our findings suggest that the Htt-kalirin interaction may be involved in modulating Rac1 activity and cellular toxicity.
Materials and Methods
Animals. Homozygous Q140 knock-in HD (HD 140Q/140Q ) and wild-type mice were maintained and bred at the Animal Core Facility of the Massachusetts General Hospital. Experiments involved in the use of mice were performed according to the institutional and US National Institute of Health guidelines and approved by the Massachusetts General Hospital Subcommittee on Research Animal Care.
Plasmid DNA. The cDNA encoding mouse Rac1 (BC051053.1) was amplified by reverse transcriptase polymerase chain reaction and cloned into the BamHI and XhoI sites of pGEX-6p. Dominant active Rac1 mutant (Rac1G12V) was generated by site-specific mutagenesis and subcloned into the BamHI and XhoI sites pcD-NA3-HA. To generate the plasmid expressing kalirin7aa23-684 and kalirin7aa674-1272, the corresponding DNA fragment was amplified from the pEAK-kalirin7 plasmid (a generous gift of Dr. Betty A Eipper at the University of Connecticut Health Center, USA) by PCR using primer pairs: 5′ cgcgaattcggatcttttcggaatgatg and 5′ tatacccgggctgctggaactgcttgat for kalirin7aa23-684 and 5′ cggtcaattggatgcggtccaggaactga and 5′ tatacccgggctttcgagctgacttccgt for kalirin7aa674-1272. PCR products were treated with EcoR I/Xma I for kalirin7aa23-684 and Mfe I/Xma I for kalirin7aa674-1272, respectively. The DNA fragment encoding kalirin7aa1269-1654 was obtained by digesting pEAK-kalirin-7 with EcoR I and Not I. These kalirin-7 DNA fragments were cloned into the EcoR I and Xma I sites of pCMV-SPORT6 with an HA tag at the NH 2 -terminus and a 6xHis tag at the C-terminus of recombinant proteins. The DNA fragment encoding kalirin7aa1269-1654 was also cloned into the EcoRI and NotI sites of pGEX-6p. The indicated regions of Htt were amplified by PCR and cloned into FLAG-tagged pcDNA 3 plasmid. All constructs were verified by DNA sequencing.
GST fused protein expression and purification. BL21 cells were induced to express GST-Rac1 for 4 hr, harvested, and homogenized in cold lysis buffer (0.1 M phosphate, 0.3 M NaCl, 10% glycerol, protease inhibitors) by sonication. Crude homogenates were centrifuged at 4 °C 14,000 rpm for 45 min to remove cell debris and unbroken cells. The resulting supernatants were incubated with glutathione beads. After extensive washes, GST-Rac1 or GST-kalirinaa1269-1654 bound onto glutathione beads were eluted and dialyzed against 20 mM Tris/Cl (pH7.4) and 5 mM EDTA (pH7.1) to remove nucleotides bound on Rac1. Purified GST-Rac1 proteins were divided into aliquots, frozen in liquid nitrogen, and stored at −80 °C until use.
Preparation of total cellular membranes, brain endosomes, and cytosol. We used hypertonic homogenate buffer (50 mM HEPES-Na, pH7.0, 200 mM NaCl, 5 mM MgCl 2 , 1 mM DTT, 1 mM EDTA, 0.25 M sucrose and protease inhibitors) to minimize the chance of the oligomerization of Htt. Fresh mouse brain tissues were collected and minced into pieces. Brain pieces in homogenate buffer were passed through a dounce homogenizer for 12-15 strokes on ice. For membrane preparation from cultured mouse embryonic stem cells, cells were harvested and lysed in cold homogenate buffer by passing through a 27 1/2-gauge needle for 15-20 strokes. Homogenates were centrifuged at 4 °C 14,000 rpm for 10 min and the pellet (P1) was discarded. The resulting supernatant (S1) was either directly centrifuged at 4 °C 100,000 × g for 1 hr to prepare S2 (referred to as cytosol) and P2 (referred to as total cellular membranes) or used for the preparation of endosomal membranes (see below).
Brain endosomal membranes were prepared as described previously 33 . In brief, the above S1 supernatant (approximately 4 ml) was supplemented with sucrose to a final concentration of 40% (v/v), overlaid with a linear sucrose gradient, and subjected to a centrifugation at 4 °C 100,000 × g for 24 hr. After centrifugation, 12 fractions, each in 1 ml, were collected from the top of the gradients and analyzed by Western blot to detect the enrichment of Rab11. The fraction enriched in Rab11 was referred to as brain endosomes (typically fractions 5, 6 and/or 7).
Protein precipitation. For immunoprecipitation of endogenous Htt and/or kalirin, Triton-solubilized brain endosomal membranes were incubated with antibodies specific for Htt2703-2911 (MAB2051, Serotec) or Htt181-810 (MAB2166, EMD Millipore) or Klrn1641-1654 (Everest Biotech) or FLAG (M2, Sigma-Aldrich) or GST (GE Healthcare). Protein complexes were captured onto protein-G beads pre-equilibrated with the sucrose-free homogenate buffer containing 1% Triton X-100 by incubating at 4 °C for 2 hours with gently mixing and eluted into SDS-PAGE sample buffers for SDS-PAGE and Western blot analysis.
For mapping the interaction domains in Htt and kalirin, MCF7 cells were transiently transfected with corresponding plasmids using X-tremeGene 9 reagents, harvested, re-suspended in lysis buffer containing 1% Triton-X 100, and incubated on ice for 30 min with gentle mixing every 5 min. Homogenates were centrifuged at 4 °C 12,000 rpm for 10 min. The resulting supernatants were incubated with antibodies specific for FLAG pre-bound onto protein-G beads or Ni-NTA beads. Proteins on beads were washed and eluted into SDS-PAGE sample buffers for SDS-PAGE and Western blot analysis.
Guanine nucleotide exchange assay. [ 3 H]GDP release and subsequent quantification were performed as previously described 12, 18, 19 . In brief, 0.5 μg of GST-Rac1 was immobilized on glutathione beads and loaded with 20 pmol of Cell culture. Media and supplements were purchased from Invitrogen Inc. and fetal calf serum was obtained from Atlanta Biologicals. MCF7 and NRK cells were cultured in DMEM media supplemented with 10% fetal calf serum, L-glutamine and penicillin/streptomycin at 37 °C in a cell culture incubator (Thermo Electron Corporation). STHdh7Q/7Q striatal cells were obtained from Coriell Institute for Biomedical Research and were cultured in complete DMEM media at 33 °C. Primary mouse cortical neurons were prepared and cultured as described previously 34 .
SDS-PAGE and Western blot. SDS-PAGE and
Western blot analysis were performed as described previously 12 . Concentrations of primary antisera were as follow: Ab1 polyclonal antibody specific for aa1-17 of Htt (1 μg ml −1 ), polyclonal anti-pan kalirin (1:750; Millipore), MAB2051 monoclonal anti-Htt2703-2911 (Htt-C, SCieNtifiC REpORTS | (2018) 8:8000 | DOI:10.1038/s41598-018-26255-1 1:1,000; Serotec), polyclonal anti-HAP1 (1:50; Martin et al. 35 ), monoclonal anti-myc (1:1,000; Covance), M2 monoclonal anti-FLAG (1:5,000; Sigma-Aldrich), and monoclonal anti-6xHis (1:5,000; EMD Biosciences). Peroxidase-conjugated secondary antibodies (Jackson Laboratories) were diluted 1:5,000. For probing with different primary antibodies, the blots were either cut into strips or stripped with stripping buffer after the detection of one protein was complete. The blots were developed using enhanced ECL (Pierce).
Blot image digitalization. Films were scanned using the Epson Perfection V750 Pro scanner and the digitalized images were stored and used for densitometry analysis using NIH ImageJ where applied. For the presentation in figures, digitalized blot images were processed and cropped using PhotoShop to show the interested protein signals. Full-length gels/images for the preparation of Figs 1a-c and 2 are included as Supplementary information. Blots in supplementary Figure S1 were cut into strips for probing with different primary antibodies.
Immunofluorescence microscopy. Immunofluorescence analysis was performed as standard procedures.
In brief, NRK cells or primary mouse cortical neurons at DIV9 on glass coverslips were washed twice in PBS, fixed in 4% paraformaldehyde/PBS at room temperature for 15 min, incubated with 50 mM NH 4 Cl to quench free aldehyde groups, washed twice in PBS and labeled with primary antibodies against pan-kalirin (polyclonal against the 4 to 7 spectrin repeats of kalirin; EMD Millipore) and Htt (MAB2166). Targeted proteins were visualized by incubation of cells on glass coverslips with secondary antibodies conjugated with BODIPY or Cy-3 (Jackson Laboratory). Microscopy was performed using a 60x or 100x oil Nikon Plan Apo objective lens mounted on an inverted Nikon Eclipse TE300 fluorescent microscope. Images were collected using a Bio-Rad Laser-sharp confocal system equipped with krypton-argon and blue diode lasers, and merged using PhotoShop.
Determination of cell viability. Cell viability was determined by the MTT assay. STHdh7Q/7Q striatal cells in 24-well plates were transiently transfected with indicated plasmids using X-tremeGene 9 (Roche) for 14 hr. After culture, cells were changed into fresh complete media containing 0.5 mg ml −1 of MTT (Sigma) for 15 min at 37 °C. After the incubation, the media were carefully removed and 250 μl 100% DMSO was added to each well to dissolve formazan blue. Two aliquots of dissolved formazan from each well of the 24-well plate, each in 100 μl, were transferred into a 96-well plate for measurement at absorbance 540 nm on a multi-well spectrophotometer. Higher absorbance at 540 nm indicates more viable cells and less cytotoxicity.
